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Multiphase segregation and metal-insulator transition in single crystal La5Õ8ÀyPryCa3Õ8MnO3
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The insulator-metal transition in single crystal La5/82yPryCa3/8MnO3 with y'0.35 was studied using syn-
chrotron x-ray diffraction, electric resistivity, magnetic susceptibility, and specific heat measurements. Despite
the dramatic drop in the resistivity at the insulator-metal transition temperatureTMI , the charge-ordering~CO!
peaks exhibit no anomaly at this temperature and continue togrow belowTMI . Our data suggest then, that in
addition to the CO phase, another insulating phase is present belowTCO. In this picture, the insulator-metal
transition is due to the changes that occurwithin this latter phase. The CO phase does not appear to play a
major role in this transition. We propose that a percolationlike insulator-metal transition occurs via the growth
of ferromagnetic metallic domains within the parts of the sample that do not exhibit charge ordering. Finally,
we find that the low-temperature phase-separated state is unstable against x-ray irradiation, which destroys the
CO phase at low temperatures.

DOI: 10.1103/PhysRevB.63.024420 PACS number~s!: 75.30.Vn, 71.30.1h, 78.70.Ck, 72.40.1w
v
.
r
e

a
ag
of

n

th
he
at

is

n
ta
o
m
b

ism
u
in
ta
an
nt
in

ed to
tent
cts,

s and
pic
and,

n,
ea-
of

-

p
ing
d

er-
s

ire
the
CO

as
tran-
the
ues
etal
di-
ase
I. INTRODUCTION

Metal-insulator transitions in manganite perovskites ha
attracted considerable attention during the last five years1 It
has been established that the metallic state in these mate
is ferromagnetic~with the double exchange mechanism r
sponsible for the ferromagnetism!, and a variety of insulating
states have been found. In many cases, application of a m
netic field converts the insulating phase into the ferrom
netic metallic ~FM! state, resulting in the phenomenon
‘‘colossal magnetoresistance’’~CMR!. Recently, it has been
demonstrated that microscopic phase separation plays a
sential role in the physics of the manganites.2–5 In particular,
it results in the apparent percolative character of
insulator-metal transition when the transition is from t
charge-ordered insulating to the ferromagnetic metallic st
It is here that the largest changes in resistivity~more than 6
orders of magnitude!, and therefore the largest magnetores
tances are observed.

In spite of the large amount of work devoted to the ma
ganites, the microscopic nature of the phase-separated s
has thus far not been understood. For example, the electr
properties of the constituent phases as well as their volu
fractions and spatial distributions in the sample remain to
characterized. More importantly, the physical mechan
underlying the phase separation phenomenon remains
clear. It has been proposed theoretically that doped Mott
sulators, such as the mixed-valence manganites, are uns
against electronic phase separation into carrier-rich
carrier-poor regions.6 This scenario, however, is inconsiste
with the sub-mm domain size observed experimentally
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several manganite materials.2 More generally, it is unclear
how such a large-scale phase separation can be ascrib
the effects of short-range local interactions or be consis
with long-range Coulomb forces, and therefore other effe
including lattice strain7 or quenched disorder,8 for instance,
need to be considered. To address these basic question
to understand the origin of the CMR effect, the microsco
structure of manganites must be characterized in detail,
evidently, more experimental work is needed.

In this paper, we report synchrotron x-ray diffractio
electrical resistivity, magnetization, and specific heat m
surements performed on single crystal samples
La5/82yPryCa3/8MnO3, y'0.35. With decreasing tempera
ture, this material first undergoes a charge-ordering~CO!
transition at TCO'200 K, and then a relatively shar
insulator-metal transition into a low-temperature conduct
phase atTMI'70 K. This low-temperature phase is believe
to consist of a mixture of charge-ordered insulating and f
romagnetic metallic phases.2 Note that the charge ordering i
of the simple checker-board type found in the ‘‘x50.5’’
samples9 and therefore cannot be complete in the ent
sample at this doping. We find that neither the fraction of
CO phase in the sample, nor the correlation length of the
phase, show measurable anomalies atTMI . Moreover, the
intensities of the CO diffraction peaks continue to grow
the temperature is decreased across the insulator-metal
sition. Thus, these data show that the volume fraction of
CO phase does not decrease, and in all likelihood contin
to increase, as the material undergoes the insulator-m
transition. Our combined data therefore indicate that in ad
tion to the CO phase, another paramagnetic insulating ph
©2000 The American Physical Society20-1
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is present belowTCO. The insulator-metal transition is the
caused by the changeswithin this latter phase.

Existing experimental data suggest that the insula
metal transition has a percolative character. We propose
that it occurs via the growth of ferromagnetic metallic d
mains within the parts of the sample that do not exh
charge ordering. In this picture there are at least three ph
in our samples belowTCO: ferromagnetic metallic, charge
ordered insulating, and a second insulating state whic
paramagnetic aboveTMI , and which we will refer to as the
I2 phase~insulating phase 2!. The mechanism of the meta
insulator transition in charge-ordered manganites, theref
appears to be more complex than a simple percolation
metallic phase due to the growth of ferromagnetic doma
in the charge-ordered matrix.

Finally, we have investigated the effects of x-ray irrad
tion on the low-temperature phase-separated state. As
the case in some other charge-ordered manganites,10–12 the
CO state in our samples is destroyed by x-ray irradiat
belowT550 K. The photoinduced transition was previous
found to be of the insulator-metal type in related sample10

While the CO phase remains unaffected by the photoindu
insulator-metal transition at temperatures larger thanTMI in
the related (Pr,Ca,Sr)MnO3 samples,3 the CO phase in the
present case is destroyed by x rays at low temperatu
Thus, while an additional phase is required to explain
insulator-metal transition atTMI , the low-temperature photo
induced transition need only involve the FM and the C
phases.

II. EXPERIMENT

Single crystals of La5/82yPryCa3/8MnO3 were grown using
the floating zone technique from polycrystalline rods with
nominal composition neary50.35 synthesized by a standa
solid state reaction method. Resistivity measurements w
performed using a standard four-probe method, magne
tion measurements were carried out with a commer
SQUID magnetometer, and specific heat measurements
performed using a recently developed Pelt
microcalorimeter.13

The x-ray diffraction measurements were carried out
beamline X22A at the National Synchrotron Light Sourc
The 10.35 keV x-ray beam was focused by a mirror, mo
chromatized by a Si~111! monochromator, scattered from
the sample mounted inside a closed-cycle cryostat, and
lyzed with a Ge~111! crystal. The x-ray beam was;0.5
31 mm in cross section, and the x-ray flux was;1011 pho-
tons per second. The typical mosaic spread in our sam
was 0.2°.

La5/82yPryCa3/8MnO3 is orthorhombic ~space group
Pbnm! at all temperatures. In terms of the underlying d
torted primitive cubic perovskite cell dimensionac , the
orthorhombic lattice constants are approximately expres
asa'b'A2ac , c'2ac . The orthorhomic axesa, b, andc
run along the(110)c , (1210)c , and (001)c directions in
the cubic lattice, respectively. Below the charge-order
transition temperatureTCO, superlattice diffraction peaks o
two types appear. The (H, K/2, L) peaks,K odd, are asso-
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ciated with the Jahn-Teller distortions characteristic of
CE type9 charge and orbitally ordered state, and are of
referred to as orbital-ordering peaks. The (H, 0, 0! and~0, K,
0! peaks,H and K odd, have the same wave vector as t
checkerboard charge ordering and arise from lattice dis
tions associated with valence ordering. In a recent serie
experiments,14 these reflections were studied in the relat
material Pr12xCaxMnO3 which also exhibits the CE-type CO
state. By tuning the incident x-ray energy through the M
absorption edge, characteristic resonance, and polariza
dependences were observed at these reflections, directly
firming their assignment as orbital and charge-order
peaks. In our measurements the x-ray energy is far fr
resonance, and therefore both types of superlattice reflect
arise from lattice distortions associated with the CO state
this work, we concentrated on the~0, 4.5, 0!, ~0, 5, 0!, and
~0, 5.5, 0! peaks. Longitudinal~parallel to the scattering vec
tor! and transverse scans were taken. The longitudinal sc
were fitted using Lorentzian-squared line shapes, and th
fits were used to extract the intensities, positions, and wid
of the peaks.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependences of the z
field electric resistivity and magnetization in a 100 Oe ma
netic field. The anomalies atTCO'200 K are due to the CO
transition. With decreasing temperature, a relatively sh
insulator-metal transition occurs atTMI'70 K. ~The transi-
tion temperatures were defined as the temperatures of
maxima in the temperature derivative of the logarithmic
sistivity.! In the vicinity of TMI , the sample magnetizatio

FIG. 1. Temperature dependences of~a! zero-field electric resis-
tivity and ~b! the magnetic susceptibility in a 100 Oe magnetic fie
taken on heating and on cooling. The transition temperaturesTCO

andTMI were determined from the maxima in the temperature
rivative of the logarithmic resistivity on cooling.
0-2
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gradually increases on cooling before saturating belowT
540 K. The transition is strongly hysteretic.

In a recent work by Ueharaet al.2 it was shown that the
low-temperature state of this material is inhomogeneous,
that even at very low temperatures only a fraction of
sample becomes metallic. Assuming that these metallic p
of the sample are also ferromagnetic, this fraction can
estimated using the data of Fig. 2, which shows the sam
magnetization versus applied magnetic field in a zero-fi
cooled sample. The magnetization first saturates at a fiel
about 1 T. This saturation is attributed to the complete ali
ment of the FM domains present in the sample in zero fie2

The material then undergoes two field-induced transition
the fields of 1.6 and 3 T. Finally, when the field is increas
to H54 T the entire sample becomes ferromagnetic, as
dicated by the magnitude of the saturated magnetic mom
The field-induced transition is persistent, and the en
sample remains in the FM state after the field is turned
Therefore, the fraction of the FM state in the zero-fie
cooled sample can be determined from the ratio of the lo
field (H,1 T! magnetization taken on ramping the field u
and down. Using the data of Fig. 2, we thus conclude that
fraction of the FM phase in our sample was;30% at T
55 K. Similar measurements show that this fraction w
;9% atT570 K, the insulator-metal transition temperatu
on cooling.

One possible scenario for the insulator-metal transition
La5/82yPryCa3/8MnO3 involves the growth of the metallic do
mains within the charge-ordered insulating matrix with d
creasing temperature. The system would then undergo
insulator-metal transition when these metallic domains p
colated. As discussed above, the volume fraction of the c
ducting phase can be estimated from the magnetization m
surements, and in our samples should thus increase
approximately zero to;30% as the temperature decreas
from 100 to 40 K.

To test this hypothesis, we investigated the properties
the CO state using synchrotron x-ray diffraction. The te
perature dependences of the intensity, width, and the sca
ing vector of the~0, 4.5, 0! superlattice peak are shown
Fig. 3. The data were taken on cooling. The intensity of t
peak is often taken as the order parameter of the CE-
charge and orbital ordered state because it reflects the de
of the order achieved in the CO system provided that

FIG. 2. Magnetization versus magnetic field in ZFC sam
taken on ramping the field up and down atT55 K.
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sample is homogeneous. In an inhomogeneous system,
intensity can also increase if the volume fraction of the C
phase increases. Therefore, if the conducting phase grow
the expense of the CO phase as the temperature is decre
one would expect the CO peak intensity to decrease as
sample undergoes the insulator-metal transition. In princi
it is possible that the increase in the peak intensity due to
improved ordering at low temperatures might compensate
any decrease in the volume fraction of the CO phase. H
ever, taking into account the high volume fraction~30%! of
the ferromagnetic phase at low temperatures and noting
the order parameter of the CO phase is not expected
change rapidly at temperatures much smaller thanTCO, we
believe that the latter possibility is very unlikely.15 That is, if
30% of the CO phase were to be transformed, we would
able to observe it. It is surprising therefore that the data
Fig. 3~a! do not show any decrease in the~0, 4.5, 0! peak
intensity in the vicinity of the insulator-metal transition. O
the contrary, the peak intensity continues to increase w
decreasing temperature down toT510 K, showing no de-
tectable anomaly atTMI . The intensity of the~0, 5, 0! CO
peak also does not show any decrease in the vicinity ofTMI .
We therefore conclude that our data are inconsistent with
model in which the insulator-metal transition is due to t
simple growth of the FM phase at the expense of the
phase at low temperatures.

Panel~b! of Fig. 3 shows the temperature dependence
the ~0, 4.5, 0! peak width. The intrinsic peak width is in

FIG. 3. Temperature dependences of~a! intensity,~b! full width
at half maximum, and~c! scattering vector magnitude of the~0, 4.5,
0! superlattice diffraction peak. The data were taken on cooli
The transition temperaturesTCO andTMI were determined from the
resistivity data of Fig. 1.
0-3
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V. KIRYUKHIN et al. PHYSICAL REVIEW B 63 024420
versely proportional to the correlation length of the CE-ty
ordered state. The data of Fig. 3~b! therefore show that the
correlation length of the orbital state remains finite well b
low the CO transition temperature, slowly growing with d
creasing temperature. Even at 10° belowTCO, it does not
exceed 200 Å. It is unclear to what extent these data refl
the size of the CO domains, however, since similar p
broadening of orbital reflections was observed
Pr0.5Ca0.5MnO3 samples in which CO reflections exhib
long-range order.14 In any case, it is evident that the orbit
state is highly disordered in the vicinity ofTCO but becomes
progressively better correlated as the temperature decre
The CO domain size may also grow in the process. Howe
as was the case for the peak intensity, there is no anoma
the temperature dependence of the peak width in the vici
of TMI , and, clearly, there is no low-temperature width i
crease that might be expected if charge ordering is destro
in a third of the sample volume.

We have also studied the temperature-dependent beh
of the fundamental Bragg peaks. In particular, scattering
the vicinity of the~0, 4, 0! position in the reciprocal spac
was measured, and the results are shown in Fig. 4. Note
due to the presence of twin domains, the~0, 4, 0!, ~4, 0, 0!,
and ~2, 2, 4! reflections may, in principle, all be present
this reciprocal space position. Similar to many other char
ordered manganites, our sample undergoes a structural
sition atTCO. This structural transition is manifested by th
abrupt changes in the temperature dependences of the s
tural parameters16 shown in Fig. 4~a! @see also Fig. 3~c!#.
Above T5220 K a single narrow peak is observed, wh
belowT5180 K two overlapping peaks are present~see Fig.
8 for an example of the low-temperature peak profile!. It was
impossible to distinguish between a single broad peak

FIG. 4. Temperature dependences of~a! peak positions and~b!
full width at half maximum of the Bragg peaks observed in t
vicinity of the ~0, 4, 0! position in reciprocal space. The data we
taken on cooling. The data were fitted to either a single peak~filled
circles! or two overlapping peaks~open circles!. The transition tem-
peraturesTCO andTMI are from the data of Fig. 1.
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closely separated two peaks in the vicinity ofTCO. Below
TCO, peak positions and widths evolve in a smooth man
down toT510 K. There appears to be a small but systema
narrowing of the Bragg peaks with decreasing tempera
below TCO. This decrease in the peak width indicates th
lattice strain is relieved as the temperature is decreased.
lattice strain is maximized in the vicinity ofTCO. Note that
some of the decrease of the~0, 4.5, 0! peak width at low
temperatures@Fig. 3~b!# may thus be attributed to the de
crease of the overall lattice strain.

The temperature dependence of the specific heat is sh
in Fig. 5. The temperature anomaly atT5210 K is due to the
charge-ordering transition.18 The anomaly atT5170 K is
likely the result of the Ne´el transition which takes place in
Pr12xCaxMnO3 samples at a similar temperature.17 As was
the case for the diffraction data, the specific heat exhibits
anomaly atTMI . This behavior is consistent with the mult
phase scenario for the insulator-metal transition in o
sample and is clearly different from the behavior exhibit
by La0.7Ca0.3MnO3. The latter compound has approximate
the same doping level and exhibits a conventional me
insulator transition at the Curie temperature at which a p
nounced specific heat anomaly is observed.19

The combined data discussed above are clearly incom
ible with the picture in which the FM phase appears a
temperature of approximately 100 K, as the magnetizat
data would suggest, and then grows at the expense of the
phase as the temperature decreases, percolating atTMI570
K and finally reaching a volume fraction of 30% atT540 K.
On the contrary, the temperature dependences of Fig. 3 i
cate that the correlation length, and possibly even the volu
fraction of the CO phase, grow with decreasing temperat

Based on our data, we therefore propose the follow
modified scenario for the insulator-metal transition
La5/82yPryCa3/8MnO3. A secondary phase~the insulating
phase 2, or theI2 phase!, which is distinct from the phase
that undergoes the CO transition, is present in our sam
belowTCO. Since the CO phase is insulating and its volum
fraction is not decreasing with decreasing temperature,
changeswithin this secondary phase must account for t
insulator-metal transition. That is, the insulator-metal tran
tion results from the growth of ferromagnetic metallic d
mains within the parts of the sample that donot exhibit
charge ordering.

FIG. 5. Temperature dependence of the specific heat.
0-4
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We would like to note that very recently the existence
the secondary low-temperature insulating phase was repo
in Pr0.7Ca0.3MnO3 samples.22 A detailed crystallographic
study and structural refinement are needed to estab
whether theI2 phase in our sample and the secondary in
lating phase in Pr0.7Ca0.3MnO3 are the same.

There are at least two possibilities for the growth of fe
romagnetic metallic domains in our samples. These dom
can percolate within theI2 phase in a manner previous
suggested for the percolation of metallic domains within
CO matrix. Alternatively, theI2 phase can become a ferr
magnetic metal in a more or less uniform manner, poss
with some small volume fraction undergoing the transition
lower temperatures due to local variations of lattice stra
The presence of this latter fraction may lead to the format
of the insulating ‘‘bottlenecks’’ in an otherwise conductin
secondary phase nearTMI . Small fluctuations in these insu
lating regions would then lead to large changes in the sam
resistance. In both scenarios, the insulator-metal trans
would exhibit properties characteristic of the percolat
transition, as have indeed been found in a variety of man
nite samples,2–5 with arguably the most dramatic manifest
tion being the colossal fluctuations observed in 1/f noise
measurements.20,21

It has been recently found that in many cases the CO s
in manganite materials is unstable against irradiation wit
rays10,11 or even with visible light.23 In Pr0.7Ca0.3MnO3, x
rays destroy the CO state and convert the material to a
ducting state which was conjectured to be ferromagneti10

More recently it has been shown that the photoinduced s
in related thin films does indeed possess a substantial m
netic moment.24 We have also therefore carried out a stu
of the effects of x-ray irradiation in our samples, with th
intention of comparing the x-ray-induced transition with t
temperature-induced insulator-metal transition that occur
TMI in the absence of x rays.

We find that in our samples the charge ordering is a
destroyed by x-ray illumination at low temperatures. Figu
6 shows the intensity and the scattering vector of the~0, 4.5,
0! superlattice peak versus x-ray exposure time. Note tha
the crystal lattice gradually relaxes in the transition proce
the position of the~0, 4.5, 0! peak also changes, followin
the changes in theb lattice constant. A diffraction peak wa
also found at the~5, 0, 0! position. This peak is present onl
in the CO state and disappears as the sample is irrad
~insets in Fig. 6!. After prolonged x-ray irradiation, thea
lattice constant of the remaining CO domains increases
0.01% and theb constant decreases by 0.045%.

The x-ray-induced effects are present only at temperat
less than 50 K. In fact, the CO state is recovered on hea
the x-ray converted samples aboveT560 K, as shown in
Fig. 7. The x-ray induced FM state, therefore, is unsta
aboveT560 K. Similar phenomenology was observed p
viously in Pr0.7Ca0.3MnO3 samples.10 We note that the data
of Fig. 3 are unaffected by these x-ray effects since we fi
no such effects atT550 K and above~on cooling!, and the
data of Fig. 3 atT510 K were taken quickly after the samp
was cooled from 50 to 10 K in the absence of x ra
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Because of the strong electron-lattice coupling in t
manganites,25 lattice parameters of the FM state are expec
to be different from those of the CO phase. It is therefore
surprising that our samples undergo substantial struct
changes when irradiated with x rays belowT;50 K. Figure
8 shows longitudinal scans~parallel to the scattering vector!
in the vicinity of the~0, 4, 0! allowed Bragg peak atT510 K
after various x-ray exposures. The scans were collected u
an attenuated beam, so that the x-ray-induced change du
the course of a single measurement was negligible. The
of Fig. 8 show that lattice constants of the x-ray-induc
phase differ substantially from those of the nonirradiated m
terial. We have tried fitting these data assuming the prese
of several phases with fixed lattice constants, but the bes
were obtained when the lattice parameters of the phases
allowed to vary. Such behavior could be the result of

FIG. 6. X-ray exposure dependences of the~0, 4.5, 0! superlat-
tice peak intensity~top panel! and its position~bottom panel! at T
510 K. The insets show the corresponding dependences for th~5,
0, 0! charge-ordering peak.

FIG. 7. The intensity of the~0, 4.5, 0! superlattice peak taken o
heating from the state in which charge ordering was destroyed
long x-ray exposure.
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gradual relaxation of the lattice strain exerted by the C
phase on the x-ray-induced phase as the latter phase g
within the CO matrix.

There appears to be a difference between the therm
induced insulator-metal transition atTMI in the absence of x
rays and the x-ray-induced transition at low temperatures
the former case, the CO phase is not affected in any mea
able manner, while in the latter the conductivity increas
simultaneously with the destruction of the CO phase in
related samples,10 and therefore the CO phase is almost c
tainly converted into the metallic state in the process. Ot
evidence that the two transitions have different mechani
comes from the observation that when the samples of a c
position similar to ours are irradiated with x raysabove TMI ,
the changes in the intensity of the CO peaks are minima
even absent3 while an insulator-metal transition still take
place. Thus, it appears that while a phase distinct from b
the FM and the CO phases is required to explain the tra
tion at the relatively high transition temperatureTMI , the
low-temperaturex-ray-induced transition may involve onl
two phases. It would be very interesting to check if th
statement holds for other external perturbations, such
magnetic field, for example.

FIG. 8. Longitudinal diffraction scans taken in the vicinity o
the ~0, 4, 0! position in reciprocal space after various x-ray exp
sures. The temperature wasT510 K.
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IV. CONCLUSIONS

In conclusion, we find that the simple percolation mod
of the insulator-metal transition in La5/82yPryCa3/8MnO3

needs to be modified. Our data are inconsistent with
growth of the FM state at the expense of the CO state at
temperatures, at least not in the amounts suggested by
magnetization measurements. We propose that parts o
sample, while insulating, do not exhibit charge ordering b
low TCO and that the insulator-metal transition is due to t
growth of ferromagnetic metallic domains within these par
Whether these metallic domains actually percolate atTMI , or
more complex structures containing insulating ‘‘bottl
necks’’ are realized in the vicinity ofTMI will be the subject
of future work. We emphasize that whatever the act
mechanism responsible for the insulator-metal transition
the CO phase appears to play a less important role in it.

X-ray irradiation at low temperatures destroys the C
state and converts the material to a state which was pr
ously found to be metallic in similar samples. It appears t
the mechanism for this low-temperature transition does
require the presence of the phase distinct from both the
and the CO phases. On the other hand, it has been shown
x rays do not strongly affect the CO state aboveTMI while
still converting the material to the metallic state.3 Thus, it is
possible that the insulator metal transition at the relativ
high temperatureTMI and the low-temperature photoinduce
transition have different microscopic mechanisms.
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